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The absence of net magnetization, which forbids any stray magnetic fields, is one of the greatest
advantages of antiferromagnets in device applications. In conventional antiferromagnets, however,
spin current cannot be extracted without the aid of a static magnetic field. Here, we develop a
theory of antiferromagnetic opto-spintronics to resolve this fundamental dilemma. By coupling a
linearly polarized photon and nonreciprocal magnon bands, we construct a superposition state of
left- and right-handed magnon states with opposite group velocities. We numerically demonstrate
that by using this superposition state, an antiferromagnetic spin current can be efficiently generated
without a net magnetic field including net magnetization. We also find that the breakdown of the
superposition state induces the stripe superfluid phase of a two-component Bose-Einstein conden-
sate. Our results lay the foundation for manipulating the superposition states of emergent particles
in devices.
I. INTRODUCTION
Magnons, the quanta of spin wave fluctuations around
ordered magnetic states, have attracted much interest in
modern condensed matter physics1,2. Owing to their long
lifetime3 and finite spin angular momentum, magnons as
well as electrons are important carriers in device appli-
cations. In particular, antiferromagnetic magnons have,
in addition to their ultrafast nature4,5, a degenerate spin
degree of freedom that can be understood as an analogue
of photon polarization6–8. Recent studies have proposed
methods for controlling magnon polarization by using an
electric field6 or circularly polarized light7,9.
In terms of spin transport, however, conventional an-
tiferromagnets present a fundamental dilemma. The
absence of net magnetization, which forbids any stray
magnetic fields in the system, is a great advantage of
antiferromagnets4. However, a spin current cannot be
extracted10 without applying a static magnetic field to
split the magnon spin degeneracy or allowing a net mag-
netization in antiferromagnets, which means that the fea-
ture of zero net magnetization is not helpful.
Band engineering is often a good solution for such
a fundamental problem in condensed matter physics.
As in the case of electron systems, one can construct
profound band structures by using exotic lattice struc-
tures, noncollinear magnetic orders, the Dzyaloshinskii-
Moriya (DM) interaction, and so on. Numerous concepts
in multiband electron systems have been generalized to
magnonic systems, e.g., the magnon Hall effect11–14,
spin-momentum locking15,16, topological insulators17–20,
and topological semimetals15,21–27. Among these con-
cepts, one of the simplest nontrivial examples is the non-
reciprocal magnon band28 in antiferromagnets6,15,29–31.
In the presence of the DM interaction and easy-axis
anisotropy, two branches, both of which are asymmet-
ric with respect to momentum, appear in the magnon
band structure. This band structure has been extensively
investigated theoretically6,15,29 and experimentally30,31,
including direct observation of the band structure in neu-
tron scattering measurements30.
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FIG. 1. (a) Experimental setup of antiferromagnetic (AF)
spin pumping under polarized light. The z-component spin
current is detected as the y-direction inverse spin Hall volt-
age in the attached metal (Pt). Polarization-dependent and
polarization-independent contributions arise from diffusive
and drift spin currents in the presence of the DM interaction
(see the main text for details). (b) Magnon dispersion in the
kx direction for D = 0 and D = 0.2 with J = 1, K = −0.05,
and ky = kz = 0. The band indices ± correspond to the spin
angular momentum ±1.
In this paper, we present a theory of nonreciprocal
magnons coupled with polarized photons in order to
resolve the dilemma of spin transport in antiferromag-
nets. In particular, by using linearly polarized light,
we construct a superposition state of left- and right-
handed magnon states with opposite group velocities,
which carry a drift spin current without net particle or
thermal currents. We numerically demonstrate that this
superposition state can be used for efficient spin pump-
ing in an actual antiferromagnet without generating any
net static magnetic fields, including net magnetization.
2We also find that the spin oscillation observed in numer-
ical simulation is a precursory phenomenon of the stripe
superfluid, which has been recently discussed for ultra-
cold atomic systems. These results are manifestations of
observable phenomena induced by the spin-momentum-
locked magnon band in the presence of the DM interac-
tion.
This paper is organized as follows. In Sec. II, we
develop a quantum theory of reciprocal and nonrecipro-
cal magnons coupled with polarized photons. Using this
quantum description, we qualitatively propose a theory
of nonreciprocal spin pumping realized in a magnonic
superposition state. In Sec. III, we perform numerical
simulations, based on the Landau-Lifshitz-Gilbert equa-
tion, to estimate quantitatively the nonreciprocal spin
current. The spin density distribution of the superposi-
tion state in real space is also discussed. We relate the
spin oscillation observed in a numerical simulation with
the two-component Bose-Einstein condensate in Sec. IV.
II. QUANTUM THEORY OF
NONRECIPROCAL SPIN PUMPING
In this section, we quantize the polarized light and spin
fluctuation in antiferromagnets with and without the DM
interaction in order to discuss the perfect interconversion
of polarization. We first ignore the presence of Pt and
consider the infinite-size system with the periodic bound-
ary conditions. We then propose the nonreciprocal spin
pumping in the presence of Pt qualitatively. In the fol-
lowing, we set ~ = 1.
A. Quantum description of polarization conversion
In this paper, we consider a longitudinal spin pumping
measurement in which a collinear antiferromagnet and
metal (Pt) are used as the spin current generator and de-
tector, respectively [Fig. 1(a)]. Spin excitations are reso-
nantly excited by polarized light. The collinear antiferro-
magnetic order is set to be parallel to the photon propa-
gation direction (the z direction). Injected z-component
spin current is detected as the y-direction inverse spin
Hall voltage. In the following, we set ~ = 1.
We first review the spin dynamics in an antiferromag-
net with the DM interaction6,15,29–31 caused by the in-
version breaking in the x direction32:
Hspin =
∑
〈i,j〉
[JSi · Sj +D · (Si × Sj)] +K
∑
i
[Szi ]
2,
(1)
where J > 0 is the nearest-neighbour antiferromagnetic
exchange coupling and D = Dzˆδiyjyδizjz denotes the z-
component DM interaction in the x direction. The easy-
axis anisotropy K < 0 is set to be large enough to sta-
bilize the collinear antiferromagnetic ground state with
two sublattices A and B (see Appendix).
To correctly treat spin angular momentum carried by
one quantum, we quantize the spin wave fluctuation.
In the semiclassical picture, spin excitations around the
ground state are approximated by Holstein-Primakoff
bosons (c, c†):
S±R,A ≃
√
2S0c
(†)
R,A, S
z
R,A = S0 − c†R,AcR,A,
S∓R,B ≃
√
2S0c
(†)
R,B, S
z
R,B = c
†
R,BcR,B − S0, (2)
where S0 = |S| and R denotes the magnetic lattice vec-
tor. Using Eq. (2), we can rewrite Eq. (1) as (see Ap-
pendix)
Hmagnon =
∑
k,α=±
Ek,αb
†
k,αbk,α,
ck,i =
∑
α=±
{
[Qˆk]i,αbk,α + [Qˆk]i,α+2b
†
−k,α
}
, (3)
where Qˆk and Ek,α are a paraunitary matrix and magnon
eigenenergies for momentum k, respectively. We define
magnon creation and annihilation operators (b, b†). The
dispersion relations in the kx direction without and with
the DM interaction are shown in Fig. 1(b). The lattice
constant a is taken as unity. There is a D-independent
finite gap at k = 0 due to the easy-axis anisotropy. In the
presence of the DM interaction, two magnon branches
(α = ±) have nonreciprocal band structures that are
asymmetric with respect to kx. Ref. [15] has shown that
the spin angular momentum carried by α = ± magnons
takes a quantized value ±1.
Next, we consider coupling between the antiferromag-
net and polarized light. We generalize a theory of
magnon-photon interaction in cavity spintronics33,34 to
the case with arbitrary polarization and nonreciprocity,
which is then applied to antiferromagnetic spin pumping.
The microscopic origin of this coupling is the Zeeman ef-
fect between the spin system and the alternating mag-
netic field of light. By quantizing both the spin fluctua-
tion and the light in the Zeeman coupling, we obtain the
magnon-photon interaction Hamiltonian (see Appendix):
Hmp = −∆(b†k=0,eae + h.c.), (4)
where ∆ is a coupling constant that depends on ω and
K/J and ae is the photon annihilation operator with the
polarization vector e = (e1, e2, 0)
t. Any polarized state
can be expressed as a superposition of left- and right-
handed circular polarizations e± = ∓(1,±i, 0)t/
√
235,
which correspond to the z-component spin angular mo-
mentum ±1:
a†e =
−e1 + ie2√
2
a†+ +
e1 + ie2√
2
a†−. (5)
In the same manner, we define a polarized magnon state
at k = 0:
b†k=0,e =
−e1 + ie2√
2
b†k=0,+ +
e1 + ie2√
2
b†k=0,−. (6)
3Since there exists a spin degeneracy at k = 0 even in the
presence of the DM interaction36, any polarized magnon
state is an energy eigenstate.
The Hamiltonian (4) indicates that the polarization of
a photon can be converted into that of a uniform (k = 0)
antiferromagnetic magnon without changing the polar-
ization. In other words, we can generate any superpo-
sition state of Sz = ±1 magnon states. In the case of
ferromagnets, there is only one mode with Sz = −1,
and only the right-handed component of the photon po-
larization interacts with magnons. In contrast, for the
case of antiferromagnets, there are two degenerate modes
with Sz = ±1, and perfect spin conservation holds in the
magnon-photon interconversion process.
In addition to the main topic of spin pumping, our
theory describes cavity spintronics with polarization de-
grees of freedom. In the field of cavity spintronics37, a
cross-discipline of spintronics and quantum information,
ferromagnetic37,38 and antiferromagnetic33,34 magnons in
a cavity of photons have been studied in terms of the
magnon-polariton because of the magnons long lifetime.
By using geometry in which the magnetic order is set to
be parallel to the photon propagation direction, we can
realize quantum states with any magnon polarization e
using the corresponding polarized photon. In addition,
the uniform magnon mode with e¯ = (−ie∗2, ie∗1, 0)t, which
satisfies e¯∗ · e = 0, does not couple with the photons.
This mode can be interpreted as a “magnon dark mode”
with tunable polarization. The magnon-photon coupling
Hamiltonian can be directly applied to cavity spintronics,
with a focus on the second quantization33,34,38.
B. Quantum theory of nonreciprocal spin pumping
Let us briefly review conventional spin pumping in
ferromagnets. In ferromagnetic spin pumping, uniform
magnons excited by ferromagnetic resonance are used as
the source of spin current. Because of their reciprocity,
uniform magnons do not have a finite group velocity, re-
sulting in the absence of a drift spin current. However,
excited magnons have a quantized spin angular momen-
tum Sz = −1, and magnon spin accumulates throughout
the whole region of the ferromagnet. The magnon spin
is converted into electron spin in the attached metal (Pt)
via s-d coupling with the ferromagnet, and diffusive spin
current is generated at the interface. Refs. [7 and 39]
have generalized this mechanism to antiferromagnets un-
der polarized light, where the z-component magnon spin
is i(e1e
∗
2 − e∗1e2). Although this approach cannot avoid
nonequilibrium bulk magnetization, it is an interesting
possibility for antiferromagnetic spintronics. Unfortu-
nately, a significant signal has not yet been observed39.
Here, we propose a different mechanism of spin pump-
ing that does not induce a stray magnetic field in the bulk
of an antiferromagnet. Let us consider uniform magnons
for D 6= 0. Owing to their nonreciprocal nature, α = ±
modes have finite group velocities ±v = ∂Ek,±/∂kx|k=0.
For such states, the expectation value of the drift spin
current operator
jSzx = S
z
totv(b
†
k=0,+bk=0,+ − b†k=0,−bk=0,−) (7)
remains and does not depend on α = ±:
〈k = 0,±|jSzx |k = 0,±〉 = (±1)× (±v) = v, (8)
where |k = 0, α〉 ≡ b†k,α|0〉 with |0〉 being the Fock vac-
uum. Thus, uniform magnons with polarization e excited
through the interaction (4), which can be written as the
superposition of α = ± modes, carry a constant spin
current:
〈k = 0, e|jSzx |k = 0, e〉 = v. (9)
Eq. (9) shows that we can expect a constant drift spin
pumping signal for any polarization. Although there is
a contribution from the diffusive spin current in the to-
tal spin pumping signal, we can extract the contribution
from the drift spin current by using linearly polarized
light (Sz = 0), which does not induce bulk spin accumu-
lation. It is interesting to note that magnon states with
linear polarization have a finite drift spin current even
though they do not have a net finite group velocity due
to the equal-weight superposition of states with group ve-
locity ±v [Fig. 2(a)]. Thus, nonreciprocal spin pumping
under linearly polarized light can be regarded as a pure
spin current generation, like the spin Hall effect in elec-
tron systems40,41, although the mechanism is completely
different because there is no net particle flow or thermal
current that is perpendicular to the spin current.
The mechanism using linearly polarized light does not
require a net magnetic moment of the ground state or fi-
nite spin accumulation in the whole region of the magnet.
Thus, we can generate the spin current without generat-
ing a net magnetic field, which solves the long-standing
problem of magnetic-field-free spintronics. In addition,
this new mechanism makes use of the spin current with
a driving force. This finding indicates that nonrecipro-
cal spin pumping is more efficient than conventional spin
pumping, which has not been observed in antiferromag-
nets with significant signals39,42. In the following, we
quantitatively compare the two mechanisms via numeri-
cal simulations based on Landau-Lifshitz-Gilbert (LLG)
equation.
III. CLASSICAL THEORY OF
NONRECIPROCAL SPIN PUMPING
Thus far, we have developed a quantum theory of
nonreciprocal spin pumping in order to discuss the mi-
croscopic mechanism of polarization interconversion be-
tween one magnon and one photon. To quantitatively
estimate the injected spin current in a realistic situation,
however, the quantum treatment is computationally ex-
pensive. In this section, we perform numerical simula-
tions based on the LLG equation with an oscillating field.
4FIG. 2. (a) Schematic image of magnonic superposition state.
(b) Wavepacket dynamics of the magnonic superposition state
for 100 × 100 sites. The sum of the z-component spin szi for
2 × 2 sites (unit: [/a2]) is plotted as a function of position
for t = T and t = 2.5T . Pair creation of wavepackets occurs
with positive and negative spin angular momentum, which
propagate in opposite directions.
Since the LLG equation is classical, the spin wave and its
spin angular momentum are no longer quantized. Thus,
the following simulations treat spin transport in the pres-
ence of many magnons, which is valid for a spin pumping
measurement under magnetic resonance. To understand
nonreciprocal spin pumping, it is useful to compare these
complementary descriptions.
A. Model and material parameters
We treat the classical spin system described by the spin
Hamiltonian (1). We omit the z direction for simplicity,
while we retain the y direction to keep the antiferromag-
netic sublattice structure along the interface. We per-
form numerical simulations based on the LLG equation
for spin angular momentum under light:
dsi
dt
= −γsi × (Heff + h(t)) − αsi × dsi
dt
, (10)
where γ is the gyromagnetic ratio, γHeff ≡ ∂Hspin/∂Si,
si ≡ Si/S0, h(t) is the oscillating magnetic field of light,
and α is the Gilbert damping constant.
The strength of the DM interaction is strongly depen-
dent on the setup. To realize a nonreciprocal band struc-
ture, Ref. [6] proposed a method in which a tunable
DM interaction (D/J ∼ 0.01) is induced by an electric
field. Another example is the intrinsic DM interaction
in a noncentrosymmetric antiferromagnet. A recent neu-
tron scattering measurement has shown the existence of
a nonreciprocal magnon band structure in α-Cu2V2O7
with a large DM interaction (D/J ∼ 1)30. In both
cases, the exchange coupling J and excitation energies
of uniform magnon modes, which depend on K/J , are
on the order of a few meV. Here, we take D/J = 0.2 and
K/J = −0.05 as moderate parameters. The correspond-
ing resonant frequency is a few terahertz (THz), and we
use the parameters of the THz pulse laser summarized in
Appendix.
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FIG. 3. Numerical results for 400 × 100 sites with D = 0
and 0.2, J = 1, K = −0.05. (a) Schematic image of the
model of the spin pumping measurement. The effect of Pt is
taken as large Gilbert damping. We ignore Gilbert damping
in the bulk of the spin system, which is valid for short time
scales. (b) Spin density distribution at t = 10T . (c) Time
dependence of the spin injection rate. The value is calculated
as the site average of the Gilbert damping term at the right
edge (unit: [/a2T ]).
B. Numerical results
To get the feel of the magnonic superposition state,
we first explore the dynamics of a small wavepacket be-
fore discussing the spin pumping measurement. Let us
consider a position-dependent oscillating field with one
period:
H(x, t) = θ(T − t)h(t) exp
(
−x
2 + y2
2(10a)2
)
, (11)
where θ is a step function, T is the period of light, and
a (∼1 nm) is a lattice constant43. Because we consider
a short time scale (∼ O(T )), we set α = 0, which is
valid for a magnetic insulator with low dissipation. The
z-component spin density dynamics for 100 × 100 sites
under linearly polarized light is shown in Fig. 2(b). The
wavepacket with positive spin density propagates in the
positive x direction, while the other wavepacket prop-
agates in the negative x direction, which induces a z-
component spin current in the x direction. This result
classically reproduces the discussions in quantum theory.
Next, we simulate nonreciprocal spin pumping. In an
actual spin pumping measurement, the alternating mag-
netic field is uniform over the range of 100 µm. Here,
we solve the LLG equation for 400 × 100 sites under a
position-independent oscillating field with ten periods,
which corresponds to a short-pulse laser. The effect of Pt
is taken into account by setting the large Gilbert damping
α = 0.1 at the right edge of the system [Fig. 3(a)]. We
again ignore damping in the bulk of the antiferromagnet.
For a rigorous treatment, the electron spin and charge
transport in Pt should also be considered, although it is
computationally more expensive. We leave this problem
as future work.
For comparison, both reciprocal (D = 0, left-handed
5FIG. 4. Stripe superfluid phase in a two-component magnon
Bose-Einstein condensate. (a) Schematic image of the
magnon distribution in momentum space. (b) Spin density
distribution at t = 10T for 100 × 100 sites with α = 0 at the
right edge.
circular polarization) and nonreciprocal (D = 0.2, lin-
ear polarization) spin pumping measurements are con-
sidered. The spin density at t = 10T is shown in Fig.
3(b). In the case of reciprocal spin pumping, the spin
angular momentum of the circularly polarized light is
converted into that of a uniform magnon, and spin ac-
cumulates throughout the whole region of the antiferro-
magnet. In the case of nonreciprocal spin pumping, the
linearly polarized light has no net spin angular momen-
tum, and there is no net spin accumulation in the anti-
ferromagnet. Instead, the positive spin accumulates near
the right edge, while the negative spin accumulates near
the left edge. This phenomenon is the consequence of the
nonreciprocal spin current in the magnonic superposition
state. Note that spin oscillation is observed in the case
of nonreciprocal spin pumping. This spin oscillation is
a precursory phenomenon of the magnon Bose-Einstein
condensate, which will be discussed later. The slight spin
oscillation in the y direction, which is observed in both
cases, is a finite size effect.
To evaluate the spin current injected into Pt, we cal-
culate the time dependence of the Gilbert damping term
at the right edge [Fig. 3(c)], which describes the spin
angular momentum transfer over time from the antifer-
romagnet to the metal. As shown in Fig. 3(c), the nonre-
ciprocal spin current for realistic parameters can be much
larger than the conventional spin current after a sufficient
amount of time. This result can be qualitatively inter-
preted as follows. In the case of reciprocal spin pumping,
the spin angular momentum of one photon is converted
into spin accumulation for the whole region. In the case
of nonreciprocal spin pumping, the large amount of spin
angular momentum created by one photon accumulates
near the left and right edges. Thus, the nonequilibrium
spin density at the interface is much larger than that in
the case of reciprocal spin pumping.
The remaining issue is spin oscillation near the bound-
ary, which cannot be understood in a linear approxima-
tion. In the following, we relate this aspect to the two-
component Bose-Einstein condensate.
IV. BREAKDOWN OF THE SUPERPOSITION
STATE
In the following, we discuss the analogous features of
nonreciprocal magnons in the antiferromagnet and ul-
tracold atomic systems with spin-orbit interaction. The
spin oscillation observed in the numerical simulation
can be understood by generalizing the magnon Bose-
Einstein condensate44 to the antiferromagnetic nonrecip-
rocal band structure. At the edges of the antiferromag-
net, the physics of nonreciprocal spin pumping cannot
be well described by only uniform magnons because of
the strong magnon-magnon scatterings, including higher-
order interactions. High-energy magnons are scattered
into low-energy states via these interactions and finally
remain at the bottoms of bands. In the nonreciprocal
magnon band structure, potential minima are located at
two finite momenta:
k = ±
(
arctan
[
D
J
]
, 0, 0
)
≡ ±q, (12)
which are solutions of ∂E/∂kx = 0. Ideally, a two-spin-
component magnon Bose-Einstein condensate occurs at
k = ±q, with the ratio determined by the polarization
[Fig. 4(a)]. This is a magnonic analogue of the spin-
orbit-coupled Bose-Einstein condensate, which has been
extensively studied in ultracold atomic systems45. When
Sz = ±1 bosons condense with equal weight, the spin
density oscillates in real space45:
ρSz(r) ∝ cos(2q · r). (13)
This phase is known as a “stripe superfluid” or “standing
wave phase” [Fig. 4]. The absence of spin density in
the ground state of antiferromagnets would facilitate the
detection of this spin oscillation.
The spin accumulation with oscillation under linearly
polarized light can be understood by this stripe super-
fluid phase. After a sufficient amount of time for a small
sample, the spin accumulation near the right (left) edge
reaches the opposite side of the sample, and we can ex-
pect a spin stripe structure described by Eq. (13). Let us
consider the case of 100× 100 sites without Pt (α = 0).
Fig. 4(b) shows the existence of the stripe superfluid
phase. The period of the observed spin oscillation is con-
sistent with the value of 15.9 a calculated by Eq. (13).
V. SUMMARY
We have proposed a theory of the magnonic super-
position state with nonreciprocal current. In the first
half of this paper, we developed a quantum theory of
polarization interconversion between one magnon and
one photon. In particular, by making use of nonrecip-
rocal magnon bands and linearly polarized photons, we
proposed nonreciprocal spin current generation without
generating a net magnetic field, which solves the long-
standing problem of magnetic-field-free spintronics. In
6the second half of this paper, we performed numerical
simulations based on the LLG equation, in order to quan-
titatively evaluate nonreciprocal spin pumping. We find
that for realistic parameters, the spin current can be in-
jected more efficiently than the conventional current. We
also find that the spin oscillation observed near the edges
is a signature of the stripe superfluid phase in the two-
component Bose-Einstein condensate.
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Appendix A: Quantization of Zeeman coupling
between light and an antiferromagnet
Here, we microscopically derive the magnon-photon
coupling Hamiltonian. The microscopic origin of this
coupling is the Zeeman effect between the spin system
and the magnetic field B created by photons:
HZ = gµBB ·
∑
i
Si =
gµB
2
(B+S−tot + B−S+tot) . (A1)
Let us quantize the magnetic field of light and the spin
ladder operators. The magnetic field is given in terms of
photon annihilation and creation operators (a, a†):
B = iβ
√
ωzˆ × (eae − e∗a†e), (A2)
where β is a constant and ω is the frequency of the pho-
ton. The total spin ladder operator S+tot is given in terms
of magnon modes by
S+tot =
∑
R
(
S+R,A + S
+
R,B
)
=
√
2S0L3
(
ck=0,A + c
†
k=0,B
)
= F (−K/3J)
(
bk=0,− + b
†
k=0,+
)
, (A3)
where L is the size of the magnet and F (x) =
2
√
2S0L3(1 + x)
3/2{(1 + x)2 − 1}−1/4. We have used
the explicit form of Qˆk=0. Substituting Eqs. (A2, and
A3) and Eqs. (5, and 6), we obtain
Hmp = −gµB√
2
β
√
ωF (−K/3J)(b†k=0,eae + h.c.), (A4)
where we have used the rotating wave approximation
(ab = a†b† = 0).
Appendix B: Derivation of the classical ground state
Here, we show that the classical ground state of the
spin Hamiltonian given in the main text is the Ne´el state
for large |K|. For this purpose, we use the Luttinger-
Tisza method46. The classical total energy of the spin
system is given in terms of the Fourier transform of spins
as
Etot =
∑
q
ST−qHqSq, (B1)
where
Hq =

J(cos qx + cos qy + cos qz) iD sin qx 0−iD sin qx J(cos qx + cos qy + cos qz) 0
0 0 J(cos qx + cos qy + cos qz) +K

 . (B2)
According to the Luttinger-Tisza framework, the eigen-
vector of Hq with the smallest eigenvalue corresponds
to the classical ground state if it satisfies the local con-
straints:
|Si|2 = 1, (B3)
where S0 = 1. The eigenvectors and their eigenvalues
take the following two forms:
αβ
0

with ǫ1(q) = J(cos qx + cos qy + cos qz)± |D sin qx|,

00
1

with ǫ2(q) = J(cos qx + cos qy + cos qz) +K.
(B4)
Thus, for sufficiently small K < 0, the latter eigenvector
with qx = qy = qz = π has the smallest eigenvalue. This
state is simply the Ne´el state.
7Appendix C: Bogoliubov transformation of the
magnon Hamiltonian
Here, we present a theory of the eigenenergy problem of
magnon modes. We start with the magnon Hamiltonian,
which is obtained by substituting Eq. (2) into Eq. (1):
Hmagnon =
1
2
∑
k
Ψ†kHˆkΨk,
Hˆk =


X(k) 0 0 Y−(k)
0 X(k) Y+(k) 0
0 Y+(k) X(k) 0
Y−(k) 0 0 X(k)

 , (C1)
where Ψ†k = (c
†
k,A, c
†
k,B, c−k,A, c−k,B), Hˆk is a bosonic
Bogoliubov-de Gennes (BdG) Hamiltonian, X(k) =
2S0(3J − K), and Y±(k) = −2S0(J cos kx + J cos ky +
J cos kz ∓D sin kx). In general, the magnon eigenenergy
problem cannot be solved by simply diagonalizing the
quadratic matrix with unitary matrices because a naive
unitary transformation in the presence of cc, c†c† breaks
the bosonic commutation relation. Instead, the eigen-
states and eigenenergies of H can be obtained by the
bosonic Bogoliubov transformation47,48:
Qˆ†kHˆkQˆk =
(
Eˆk 0
0 Eˆ−k
)
, (C2)
where Qˆ is the paraunitary matrix in Eq. (3) and Eˆk is
a diagonal matrix whose diagonal elements are magnon
eigenenergies. Explicit forms of Qˆ and Eˆk are given in
the following section.
Appendix D: Derivation of the energy spectrum and
paraunitary matrix
We here solve the bosonic Bogoliubov-de Gennes
(BdG) Hamiltonian analytically by using the bosonic Bo-
goliubov transformation.
The general form of the bosonic BdG Hamiltonian is
given by
Hˆk =
(
Aˆk Bˆk
Bˆ∗−k Aˆ
∗
−k
)
, (D1)
where Aˆ is a N × N Hermitian matrix and Bˆ a N × N
matrix. In the following, we assume that Hˆk is posi-
tive definite. The bosonic Bogoliubov transformation is
defined as
Qˆ†kHˆkQˆk =
(
Eˆk 0
0 Eˆ−k
)
, (D2)
where the paraunitary matrix Qˆk satisfies
Qˆ†kΣˆ3Qˆk = QˆkΣˆ3Qˆ
†
k = Σˆ3, (D3)
where [Σˆ3]i,j = δijσj with σj = +1 for j = 1, · · · , N and
σj = −1 for j = N + 1, · · · , 2N . All we have to do is
determine Qˆ, Qˆ† satisfying Eqs. (D2) and (D3).
For positive definite Hermitian matrix Hˆk, we can per-
form the Cholesky decomposition
Hˆk = Kˆ†kKˆk, (D4)
where Kˆk is an upper triangle matrix. Using Kˆk and Kˆ
†
k,
we define a unitary matrix
Uˆk ≡ KˆkQˆk
(
Eˆ
− 1
2
k 0
0 Eˆ
− 1
2
−k
)
(D5)
and the dual Hamiltonian
Hˆ′k ≡ KˆkΣˆ3Kˆ†k, (D6)
which is a Hermitian matrix. Naturally, the dual Hamil-
tonian (D6) is diagonalized by the unitary matrix (D5):
Uˆ †kHˆ′kUˆk
=
(
Eˆ
− 1
2
k 0
0 Eˆ
− 1
2
−k
)
Qˆ†kKˆ
†
kKˆkΣˆ3Kˆ
†
kKˆkQˆk
(
Eˆ
− 1
2
k 0
0 Eˆ
− 1
2
−k
)
=
(
Eˆk 0
0 −Eˆ−k
)
. (D7)
Thus, we can obtain the magnon eigenvalues by diago-
nalizing the Hermitian matrix (D6). After determining
Eˆk and Eˆ−k by the diagonalization, we can determine
the paraunitary matrices as
Qˆk ≡ Kˆ−1k Uˆk
(
Eˆ
1
2
k 0
0 Eˆ
1
2
−k
)
. (D8)
Using the above method, we here give the explicit
forms of Kˆ, Kˆ−1, Hˆ′, and Uˆ for the reciprocal and non-
reciprocal magnon Hamiltonians (3). The upper triangle
matrix Kˆk in the Cholesky decomposition is given by
Kˆ =
√
1
X


X 0 0 Y−
0 X Y+ 0
0 0
√
X2 − Y 2+ 0
0 0 0
√
X2 − Y 2−

 , (D9)
and its inverse is
Kˆ−1 =
√
1
X


1 0 0 −Y−/
√
X2 − Y 2−
0 1 −Y+/
√
X2 − Y 2+ 0
0 0 X/
√
X2 − Y 2+ 0
0 0 0 X/
√
X2 − Y 2−


,
(D10)
where we omit (k) for simplicity. Using Eq. (D9), we
obtain the dual Hamiltonian
8Hˆ′ = 1
X


X2 − Y 2− 0 0 −Y−
√
X2 − Y 2−
0 X2 − Y 2+ −Y+
√
X2 − Y 2+ 0
0 −Y+
√
X2 − Y 2+ −(X2 − Y 2+) 0
−Y−
√
X2 − Y 2− 0 0 −(X2 − Y 2−)


. (D11)
This Hamiltonian can be diagonalized by using a unitary matrix
Uˆ =


0 − (
√
X2−Y 2
−
+X)
Y
−
− (
√
X2−Y 2
−
−X)
Y
−
0
− (
√
X2−Y 2
+
+X)
Y+
0 0 − (
√
X2−Y 2
+
−X)
Y+
1 0 0 1
0 1 1 0

 , (D12)
and the magnon eigenvalues are given by
Ek,± =
√
X2(k)− Y 2±(k). (D13)
The corresponding paraunitary matrix is given by
Qˆk ≡ Kˆ−1k Uˆk
(
Eˆ
1
2
k 0
0 Eˆ
1
2
−k
)
=


0 −
√
X(
√
X2−Y 2
−
+X)
Y
−
(X2−Y 2
−
)1/4
√
X(
√
X2−Y 2
−
−X)
Y
−
(X2−Y 2
−
)1/4
0
−
√
X(
√
X2−Y 2
+
+X)
Y+(X2−Y 2+)1/4
0 0
√
X(
√
X2−Y 2
+
−X)
Y+(X2−Y 2+)1/4√
X
(X2−Y 2
+
)1/4
0 0
√
X
(X2−Y 2
+
)1/4
0
√
X
(X2−Y 2
−
)1/4
√
X
(X2−Y 2
−
)1/4
0


, (D14)
where we have used Y+(k) = Y−(−k). Note that recip-
rocal and nonreciprocal magnon systems have the same
Qˆ at k = 0.
Appendix E: Numerical conditions of the LLG
equation
Here, we present the conditions of the numeri-
cal simulations. In the following, the unit of en-
ergy is taken as JS0, where J is typically a few
meV. We have considered alternating magnetic fields
γh(t) = 0.001(cosωrest, sinωrest, 0)/
√
2 for the re-
ciprocal case under circularly polarized light and
γh(t) = 0.001(0, cosωrest, 0) for the nonreciprocal
case under linearly polarized light. Here, ωres =
2S0
√
(2J −K)2 − (2J)2 is the resonant frequency for
two dimensions. The resonant frequency and the mag-
netic field of light for the above parameters correspond
to O(1) THz and O(100) [kA/m], respectively. Thus, the
above parameters correspond to a typical THz pulse49.
We have solved Eq. (10) with the free boundary condi-
tion by using the fourth-order Runge-Kutta method with
∆t = 0.1/ωres.
9Appendix F: Effects in realistic materials
In realistic magnets, there exists magnetic domains.
Since the DM vector, which is independent of the mag-
netic order, determines the direction of drift spin current,
contributions from such domains do not cancel out each
other. In the case of the lattice domains that flip the
direction of the DM interaction, on the other hand, the
spin current flows in the opposite direction. Thus, the
sample quality affects the nonreciprocal spin pumping in
the macroscopic samples. Also, if the photon propaga-
tion direction is slightly different from the z direction,
the spin conservation is slightly broken due to the ab-
sence of spin rotation symmetry around the z axis. In
such a case, the weights of up and down magnon states
in the excited superposition states are changed. In re-
alistic systems, there also exist a lot of processes of the
magnon relaxation. Unfortunately, such effects are com-
plicated and usually cannot be discussed without the aid
of phenomenological parameters. In particular, the re-
laxation of antiferromagnetic magnons is not well known.
We leave this problem as future work.
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